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In the present study, comparative investigation for the bioremoval of cyanide from syn-
thetic aqueous solution by Prunus amygdalus (Almond) shell (PAS) and Tectona grandis
(Sagwan) leaves (TGL) powder have been performed as a function of solution pH, bioad-
sorbent dose, contact time and initial cyanide concentration. The cyanide uptake by PAS
and TGL powder has been quantitatively estimated using sorption isotherms. The equili-
brium data are best fitted to Freundlich and Langmuir isotherm model for PAS and TGL
powder respectively. The monolayer capacity of PAS and TGL powder for cyanide ad-
sorption as calculated by Langmuir isotherm are 32.05 mg/g and 18.45 mg/g respectively.
The kinetic data are found to follow closely the pseudo-second order kinetic model for
both the bioadsorbents. The present study shows that such low cost materials could be
used as efficient bioadsorbents for the removal of cyanide from aqueous solutions.
& 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Cyanide is one of the most hazardous chemicals and enters into water stream from various industrial activities, such as
electroplating and metal finishing, steel tempering, mining (extraction of metals such as gold and silver), automobile parts
manufacturing, photography, pharmaceuticals and coal processing units [1–3]. Cyanide is toxic to human beings and ani-
mals since it binds to key iron containing enzymes i.e. cytochrome oxidase, which is required for cells to respire aerobically
[4]. Assimilation of cyanide can also result in either acute poisoning (including death) or chronic poisoning to human beings
and animals. To protect the water resources and environment, cyanide containing wastewaters must be treated before being
discharged into the environment. Considering the lethal impacts of cyanide, the permissible limits of cyanide in drinking
and surface water have been set by regulatory bodies. According to Indian standard (CPCB), a minimal national standard
(MINAS) limit for cyanide in effluent is 0.2 mg/L for drinking water [5]. USEPA (US Environmental Protection Agency)
standard for cyanide in drinking and aquatic-biota waters are 200 and 50 ppb respectively [6,7]. Conventional wastewater
treatment methods for cyanide removal, normally employ expensive chemicals, which is disagreeable from both economic
and environmental viewpoints. Many of these methods also cannot degrade the complete range of cyanide compounds [8].
Adsorption is an important process for cyanide removal as it is simple to operate and no hazardous chemicals are required in
this process. The most common adsorbent used for cyanide removal is plain or modified activated carbon, which has a quite
low cyanide adsorption capacity and high regeneration cost [9,10]. To make the adsorption process attractive andan open access article under the CC BY-NC-ND license
.
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widely reported for their ability to remove different contaminants from water and wastewater [11–14]. Despite several
considerations about the use of agro based materials and plant wastes as adsorbent around the world, the literature is
inadequate about the use of almond shells and sagwan leaves as adsorbents. Almond is originated from regions in Western
Asia and North Africa, now it is produced in all over the world while sagwan is found in throughout Asia, as well as in
tropical Africa. According to an estimate by the Food and Agriculture Organization, in 2010 world's total output of almond
was more than 2.5 million tons. Adsorption of cyanide on agro based materials has been reported only seldom; for example,
Yazici et al. used rice husk for cyanide removal from aqueous solution and reported a low cyanide adsorption capacity of
0.401 mg/g [10]. Further, bioremoval of cyanide from aqueous solutions using bioadsorbents is quite a new process, which
seems to be promising in the removal of contaminants from aqueous effluents. Therefore, in this work the potential of
Prunus amygdalus (Almond) Shell (PAS) and Tectona grandis (Sagwan) leaves (TGL) powder, that are abundantly and easily
available at no cost, have been explored for the removal of cyanide from aqueous solution. The effects of solution pH, bio-
adsorbent dose, contact time and initial cyanide concentrations on the removal of cyanide have been studied and the
experimental data obtained have been evaluated and fitted using adsorption equilibrium and kinetic models.2. Materials and method
2.1. Materials
Prunus amygdalus shells were obtained from the local market of Muzaffarnagar, India and Tectona grandis leaves were
obtained from the trees abundantly available at the campus of S.D. College of Engineering and Technology, Muzaffarnagar,
India. The shells were cut into small pieces, dried and crushed, which was followed by washing with double distilled water
to remove adhering dirt. Then, they were dried in oven at 100 °C for 24 h [15]. The collected leaves were washed with tap
water several times until the wash water contained no dirt particles, followed by rinsing with double distilled water. The
washed leaves of Tectona grandis were then completely dried in sunny ambient air for 8–10 days. The dried materials were
crushed in a grinder and sieved. After screen analysis of the grinded products the fraction having average particle size of
600 mm was used.
The stock solution containing 1000 mg/l of cyanide was prepared by dissolving 1.885 g NaCN in double distilled water
with 1.6 g NaOH pellet [16]. All chemicals used in the present investigation were of analytical grade and purchased from
Merck & Co. and Qualigens Fine Chemical Company (Glaxo Smithkline).2.2. Characterization of bioadsorbents (PAS and TGL)
Before starting the experiment, adsorbents were characterized by evaluating the BET surface area, surface morphology
and surface functional groups. The proximate and ultimate analysis of adsorbents were carried out using standard proce-
dures. The surface area and micropore volume of the adsorbents were measured by nitrogen gas adsorption isotherm using
an ASAP 2010 Micromeritics instrument by Brunauer–Emmett–Teller (BET) method, using the software of Micromeritics
[17]. The surface structure of PAS and TGL were analyzed by scanning electron microscopy (FE-SEM Quanta 200 FEG, FEI
Netherland) at different image magnifications. To determine the functional groups present on the surface of PAS and TGL,
Fourier transform infrared (FTIR) spectra of the adsorbents before and after biosorption were developed between the wave
number range of 500 cm1 to 4000 cm1 using a Thermo Nicolet 6700 spectrometer. Physical properties and ultimate
analysis of the Prunus amygdalus shells (PAS) and Tectona grandis leaves (TGL) powder are shown in Table 1.Table 1
Physical properties and ultimate analysis of the Prunus amygdalus Shell (PAS) and Tectona grandis leaves (TGL) powder.
Parameter PAS TGL
Carbon (wt%) 50.5 41.4
Hydrogen (wt%) 6.6 6.3
Nitrogen (wt%) 0.21 2.70
Sulphur (wt%) 0.006 0.119
Moisture content (wt%) 4.9 4.4
Ash content (wt%) 1.10 7.34
Volatile matter (wt%) 79.5 74.5
Fixed carbon (wt%) 14.5 13.76
BET surface area (m2/g) 49.57 16.32
Total pore volume (cm3/g) 0.025 –
pHzpc (point of zero charge) 6.20 7.85
Table 2
Ranges of operating parameters for pH, adsorbent dose, contact time, and initial cyanide concentration.
Objective of experiment Operating parameters
PAS TGL
To study the effect of pH on cyanide
removal
AD: 20 g/L; ICC: 100 mg/L; Temp.: 30 °C; Contact
time: 120 min; pH: 2–12
AD: 20 g/L; ICC: 100 mg/L; Temp.: 30 °C; Contact
time: 120 min; pH: 2–12
To study the effect of adsorbent dose on
cyanide removal
ICC: 100 mg/L; Temp.: 30 °C; Contact time:
120 min; Solution pH 7; AD: 5, 10, 15, 20, 25, 30,
40 g/L.
ICC: 100 mg/L; Temp.: 30 °C; Contact time: 120 min;
Solution pH 7; AD: 5, 10, 15, 20, 25, 30, 35, 40 g/L.
To study the effect of contact time on
cyanide removal
AD: 20 g/L, ICC: 100 mg/L; Temp.: 30 °C; Solution
pH 7; Contact time: 15, 30, 45, 60, 75, 90, 105, 120,
135, 150 min
AD: 20 g/L, ICC: 100 mg/L; Temp.: 30 °C; Solution pH
7; Contact time: 15, 30, 45, 60, 75, 90, 105, 120, 135,
150 min
To study the effect of initial cyanide
concentration on cyanide removal
AD: 20 g/L; Contact time: 90 min; Solution pH:7;
Temp: 30 °C; ICC: 25–800 mg/L
AD: 20 g/L; Contact time: 120 min; Solution pH:7;
Temp: 30 °C; ICC: 25–800 mg/L
AD: Adsorbent dose, ICC: Initial cyanide concentration.
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Batch experiments were carried out in a 250 ml conical flask at 30 °C in an incubator shaker at 125 rpm using 100 ml of
cyanide solution of known concentrations and adsorbent doses. The solution pH was maintained by measuring it inter-
mittently each hour and controlled by drop wise addition of N/10 HCL or NaOH solutions. Ranges of operating parameters
for various experiments are shown in Table 2.
All experiments were performed in triplicate and the average values are reported. The standard deviation for the
measurement of % cyanide removal varied within 0.5–1.0%. In each case sample was filtered through a 0.45 mm pore size
filter. Filtrate was analyzed for the cyanide ion concentration using picric acid method [18] at 520 nm wavelength using
double beam UV/visible spectrophotometer (Microprocessor UV/vis EI Spectrophotometer model 1371). The percentage
removal of cyanide and equilibrium adsorption capacity (qe) was then calculated from Eq. (1) and (2).
( )= − ×
( )
C C
C
% Removal of cyanide 100
1
i f
i
where, Ci and Cf are the concentrations of cyanide at the initial and equilibrium (mg/L) stage respectively.
( )= − × ( )q C C V W/ 2e i f
where qe is the amount of cyanide adsorbed (mg/g); W is the weight (g) of the adsorbent and V is the volume (L) of solution.2.4. Kinetics and equilibrium model
To understand adsorption phenomena two types of models are generally developed. The first type is on the basis of
contact time (kinetics model) and the second type is on the basis of initial cyanide concentration (equilibrium model) as
shown in Table 3. In the present study, the kinetic and adsorption equilibrium of free cyanide onto Prunus amygdalus shell
(PAS) and Tectona grandis leaves (TGL) powder by different kinetic models and adsorption isotherms have been investigated.Table 3
Various kinetic and equilibrium models normally used to explain adsorption phenomena.
Name of model Model expression Model parameter
Kinetic models
Pseudo-first order model log(qeqt)¼ log(qe)k1t/
2.303
qe and qt are sorption capacities (mg/g) of adsorbent at equilibrium and at a given
time “t,”.
k1 is the pseudo-first order adsorption rate constant (s1)
Pseudo-second order model t/qt¼1/ K2qe
2þt / qe k2 is the pseudo-second-order adsorption rate constant (g/mg s)
Intraparticle diffusion model qt¼Kid t þC qt is sorbed concentration at time t;
Kid is rate constant of intraparticle transport (mg/g/time1/2)
C (mg/g) is the intercept that gives an idea about the thickness of the boundary layer.
Equilibrium model
Freundlich model log qe¼ log KFþ1/nlog Ce KF ((mg/g)/(mg/L), 1/n) and n are the constant
Langmuir model Ce/qe¼1/Q°bþCe/Q° Q° is qmax (mg/g), and b (L/mg) is the Langmuir constants related to the capacity and
energy of adsorption.
Temkin model qe¼Bln AþBln Ce A and B are the temkin constant
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3.1. Adsorbent characteristics
BET surface area of the PAS and TGL as reported in Table 1 is found as 49.57 m2/g and 16.32 m2/g respectively. It is
evident that the PAS has an extensive allocation of surface area than TGL. The FE-SEM micrographs of PAS before and after
cyanide adsorption are shown in Fig. 1(A) and (B) respectively, whereas; Fig. 1(C) and (D) show the FE-SEM micrographs of
TGL before and after adsorption of cyanide respectively. Comparing Fig. 1(A) and (B) as well as Fig. 1(C) and (D), it is
noticeable that the morphology of the adsorbent surface for both the adsorbents, changes during the adsorption process.
This may be due to the adsorption of cyanide on the surface. The Energy Dispersive Atomic X-ray (EDAX) analysis of the both
adsorbents before and after adsorption shows that the surface of adsorbent contains various elements such as carbon,
oxygen, magnesium, potassium, silicon, calcium etc. Comparing Fig. 2(A) and (B) it is observed that the nitrogen is found on
the surface of both adsorbents after adsorption process, therefore it is recommended that the adsorption of cyanide has
followed on the surface of PAS and TGL powder.
3.2. FTIR analysis
The Fourier transform infrared (FTIR, Thermo Nicolet 6700, USA) spectroscopy technique is an important tool for
identifying characteristic functional groups, which are capable of adsorbing cyanide ions. Functional groups like hydroxyl,Fig. 1. Scanning electron micrograph of PAS (A) before and (B) after; TGL (C) before and (D) after cyanide adsorption.
Fig. 2. EDAX analysis; (A) PAS and (B) TGL before and after adsorption of cyanide.
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PAS and TGL powder particle surface is involved in adsorbing cyanide ions. It was observed that most of the peaks of
functional groups which were initially present on the surface of adsorbents were disappeared or diminished, whereas some
other had changed their position after loading of cyanide, and therefore confirming the active involvement of functional
groups present on the surface of PAS and TGL. The FTIR spectra of the PAS and TGL powder before and after adsorption are
shown in Fig. 3(A) and (B). The peaks at different wavenumbers and possible functional groups corresponding to the re-
spective peaks are summarized in Table 4. It is apparent from the Fig. 3(A) and (B) that the surface of the PAS and TGL is
quite rich in various functional groups between the wave number of 4000 cm1 and 500 cm1 as depicted by the peaks.
Surface amide group is one of the active functional group responsible for cyanide biosorption as the wave number shifts
from 1632.14 cm1 to 1633.36 cm1 and 1637.87 cm1 to 1630.42 cm1 for PAS and TGL respectively [19]. Wave number
shifted from 1121.18 cm1 (before cyanide loaded PAS) to 1118.14 cm1 (after cyanide loaded PAS) and 1162.39 cm1 (before
cyanide loaded TGL) to 1117.71 cm1 (after cyanide loaded TGL) correspond to aliphatic amines which indicated cyanide
adsorption on bioadsorbents. Aromatic and aliphatic nitro groups are also responsible for adsorption of cyanide onto PAS
and TGL; the wave number shifts from 1334.13 cm1 to 1327.23 cm1 and 1380.21 cm1 to 1377.27 cm1 for PAS and TGL
respectively [19–21]. Aliphatic C–H stretching may be responsible for cyanide biosorption onto PAS and TGL as wave number
shifts from 2921.00 cm1 to 2919.71 cm1 and 2918.00 cm1 to 2819.47 cm1 respectively.
3.3. Effect of solution pH
The effect of solution pH on cyanide removal was studied at different solution pH ranging from 2 to 12 and is shown in
Fig. 4. With increase of solution pH, % removal of cyanide increases initially, reaches maximum value 91.5% and 86.4% for PAS
and TGL respectively at pH 7 and falls thereafter with increase in pH of the solution. The above observation can be
explained on the basis of surface chemistry of adsorbent as well as solution phase chemistry of cyanide.
The effect of pH on the adsorption could be attributed to several mechanisms such as electrostatic interaction, com-
plexation, ion exchange and physical entrapment [22,23]. The pH of solution alters the surface charge of the adsorbent as
well as the degree of ionization and speciation of contaminants [24]. Change of solution pH affects the adsorptive process
through the dissociation of functional groups on the adsorbents surface (active sites). PAS and TGL usually contain various
anionic groups like carboxylic, carbonyl and sulphate, which are responsible for development of negative charge on the
Fig. 3. FTIR spectrum of PAS (A) and TGL (B) before and after cyanide adsorption.
Table 4
Various functional groups ascribed on bioadsorbents with their respective wave number in FTIR spectra [19].
Bioadsorbents Peak at wave number (cm1) Functional group
PAS 3420.47 O–H
2921.00 Methylene C–H asym./sym. stretch
2854.95 C–H
1739.33 Aldehydes
1632.14 Amide
1121.18 Aliphatic amines
1334.13 Aromatic nitro group
1049.96 Silicon (Si–O–Si)
TGL 3411.06 OH
2849.78 OH groups bound to methyl radicals
2918 Methylene C–H asym./sym. stretch
1736.39 –CO
1637.87 –C–OH, amide
1377.23–1380.21 Aliphatic nitro compounds
1250.27 Primary amine (CN stretch)
1162.39 Aliphatic amines
812.10, 782.67 and 706.13 C–H (aromatic stretch)
705–470 Disulfides, aryl disulfides and poly disulfides (C–S, S–S stretch)
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ions of the solution and can create both positive and negative charges on the surface depending upon the pH of the solution,
as shown by the reactions given below:
– + = – + ( )− −M OH OH M O H O 32
– + = – ( )+ +M OH H M OH 42
where, M is Silica or Aluminum respectively [20].
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reaction represented by Eq. (4) predominates, giving rise to positive charge on the adsorbent surface and if solution pH is
above the pHzpc value, the negative charge increases on the surface of adsorbent as per Eq. (3). Number of positive charges
on the bioadsorbents surface is maximum at lower pH value and gradually decreases with increase in solution pH. The
overall pHzpc of the PAS and TGL is 6.20 and 7.85 respectively.
On the other hand NaCN in aqueous solution produces HCN, which may exist as HCN (gas), HCN (aqueous) or CN
depending upon the solution pH. It is reported that at lower pH (4 or less) HCN exist predominantly as HCN (gas). At
neutral pH it predominantly exists as HCN (aqueous) along with considerable amount of cyanide, relative amount of which
increases with increasing solution pH [20].
With increase in solution pH the positive charge on the surface of the adsorbents decreases but it remains predominantly
positively charged up to pH 6.2 and 7.8 for PAS and TGL respectively. The HCN gas is also converted to HCN aqueous and
ionizes with increase in pH which increases the possibility of chemisorption or ion exchange. At pH around 7 the surface of
the adsorbents have sufficient number of positive charges and cyanide is also present as negatively charged species and
neutral aqueous species. Thus, maximum chemisorption is observed at the pH near 7. There may be the possibility of
involvement of ion exchange mechanism particularly when the surface of adsorbent is predominantly negatively charged
(for PAS). Cyanide may bind with the anionic functional groups (like carbonyl, phenolic, carboxylic) present on the surface of
PAS which is also supported by the FTIR study as shown in Fig. 3(A) and thereby causes adsorption [25]. For TGL the
chemisorption may predominate up to pH 7.8.
3.4. Effect of bio-adsorbent dose
Bioadsorbent dosage is an essential parameter that strongly affects the sorption capacity. The percentage removal of
cyanide for PAS and TGL leaves powder at different adsorbent dose (5–40 g/L) was measured. It is observed, as shown in
Fig. 5, that the percentage removal of cyanide initially increases with increase in adsorbent dose upto of 20 g/L for both the
adsorbents and remains constant thereafter. Therefore, the bio-adsorbent dose is optimized for PAS and TGL as 20 g/L for
further experimental studies. From above observation, it is evident that adsorption is mainly a surface phenomenon; the
amount of surface vacant for adsorption and therefore the mass of adsorbent can extensively influence adsorption efficiency.
3.5. Effect of contact time
The effect of contact time on adsorption was investigated under the conditions given in Table 2. In the batch studies, it is
observed that an equilibrium concentration of cyanide removal is achieved within 90 min and 120 min for PAS and TGL
powder respectively and thereafter, it virtually remains fixed, which indicates saturation of the active sites. Fig. 6 indicates
that with initial cyanide concentration of 100 mg/L, 84.7% and 40.4% cyanide removal is achieved by PAS and TGL
powder respectively after a very short contact time of 15 min. This result implies high affinity and thus favorability of
bioadsorbents for adsorbing cyanide from aqueous solutions. It also indicates that the PAS can adsorb cyanide with faster
initial rate than TGL. From Fig. 6 it is apparent that adsorption of cyanide takes place very fast at initial stage followed by a
plateau stage. This phenomenon can be explained on the basis of mechanism of adsorption supplemented with hydro-
dynamics of the system. In the starting, the concentration of cyanide in the solution and the number of available active sites
on adsorbent surface for adsorption are maximum, hence, maximum driving force for adsorption of cyanide is present. To
increase the adsorption, agitation provides the energy required for cyanide to transport itself from the bulk of the solution to
the active sites of the adsorbent, thereby reducing the resistance to mass transfer between the bulk phase and adsorbent.
Actually, all the above-mentioned three facts, i.e., the presence of large number of active sites, higher driving force and
reduction of resistance to mass transfer by agitation encourage adsorption. With the increase in agitation period, more and
more cyanide gets the chance to come in contact with the adsorbent surface. Hence, at the initial stage, rate of % removal of
cyanide is high with the increase in agitation period. However, after certain value of agitation period (120 min) the rate of %
removal of cyanide becomes constant and reaches equilibrium. The period of contact time of 90 min and 120 min for further
studies was fixed for PAS and TGL powder respectively.
3.6. Effect of initial cyanide concentration
The influence of varying initial cyanide concentration from 25 to 800 mg/L on adsorption was investigated under the
conditions given in Table 2. Fig. 7 depicts the results of influence of varying initial cyanide concentration on the % removal of
cyanide by PAS and TGL powder. Based on data plotted in Fig. 7, around 100% and 97.2% cyanide removal is achieved for
initial cyanide concentration as low as 25 mg/L cyanide and 63.63% and 42.85% cyanide removal is achieved for initial
cyanide concentration as high as 800 mg/L for PAS and TGL powder respectively. Although the % removal decreases with
increase in cyanide concentration, the specific uptake increases (for PAS 1.26 mg/g at 25 mg/l and 25.45 mg/g at 800 mg/L;
for TGL 1.21 mg/g at 25 mg/l and 18.45 mg/g at 800 mg/L). The increase in initial cyanide concentration increases the driving
force and more adsorption takes place, which results more specific uptake. However, rate of increase in adsorption is not
proportional to the rate of increase in initial cyanide concentration, as a result, % removal of cyanide decreases with increase
in initial cyanide concentration.
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Fig. 4. Effect of pH on the removal of cyanide by PAS and TGL powder (process conditions: Temp: 30 °C, adsorbent dose: 20 g/L, contact time: 120 min;
initial concentration of cyanide: 100 mg/L, rpm: 125).
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Fig. 5. Effect of adsorbent dose on cyanide removal by PAS and TGL powder (process conditions: pH: 7; temp: 30 °C; contact time: 120 min; initial
concentration of cyanide: 100 mg/L; rpm: 125).
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Fig. 6. Effect of contact time on cyanide removal by PAS and TGL powder (process conditions: pH: 7; temp: 30 °C; adsorbent dose: 20 g/L; initial con-
centration of cyanide: 100 mg/L; rpm: 125).
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To find out a suitable kinetic model for explaining the adsorption process pseudo-first order model, pseudo-second order
model and intraparticle diffusion model are tested. For this purpose the nonlinear models are first linearized as described in
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Fig. 7. Effect of initial cyanide concentration on cyanide removal by PAS and TGL powder (process conditions: pH: 7; temp: 30 °C; contact time: 90 min
(PAS) and 120 min (TGL); adsorbent dose 20 g/L; rpm: 125).
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figure as stated and are reported in Table 5 along with the values of correlation coefficients (R2). The kinetics of cyanide
adsorption is well explained by pseudo-second order model (Fig. 8) with maximum R2 value for both the bioadsorbents.
Since the diffusion mechanism in adsorption process cannot be identified by the pseudo-second order model, the intra-
particle diffusion model (Weber and Morris) was employed to identify the diffusion mechanism. In a solid–liquid adsorption
process, the adsorption of an adsorbent commonly takes place through various consecutive steps. In the first step the
cyanide is transported from the bulk solution to the external surface of the adsorbent by diffusion through the liquid
boundary layer (film diffusion). In second step diffusion of the cyanide from the external surface and into the pores of the
adsorbent takes place (intraparticle diffusion). Adsorption of cyanide can also take place onto the active sites of the internal
surface of the pores (pore diffusion) [26]. Among these diffusion theories, the pore diffusion is considered to have an
insignificant effect on kinetics. According to the literature, the overall rate of adsorption is controlled by either film diffusion
or intraparticle diffusion, or a combination of both [27]. Table 5 summarizes details of the fitted model. As shown in Table 5,
high R2 is obtained by fitting the Weber–Morris model with the experimental data, which proposes that the intraparticle
diffusion step is involved in controlling cyanide adsorption onto PAS and TGL powder.
To investigate the possibilities of pore diffusion (intraparticle diffusion) for the adsorption of cyanide on PAS and TGL, as
well as to understand the implication of data for improved adsorbent and process design, qt vs. t1/2 plots have been de-
veloped for cyanide as shown in Fig. 9 (A) and (B). Where qt is the amount of cyanide adsorb per gram of sorbent at any time
t (mg/g). From Fig. 9(A) it is evident that the qt vs. t1/2 plots exhibit multilinearity, which indicates that the pore diffusion
does not solely control the adsorption process for cyanide [28]. The steeper part (N1) at the initial stage of adsorption, for
cyanide, is due to the immediate utilization of the most readily available adsorbing sites on the adsorbent surface. N1 is
generally attributed to boundary layer diffusion or external mass-transfer effects [29]. In Fig. 9(A), straight portion N2
illustrates macropore diffusion, whereas N3 depicts micropore/ mesopore diffusion.
The deviation of straight lines (A1) from the beginning in Fig. 9(B) may be because of the difference between the rate of
mass transfer in the initial and final stages of adsorption. The initial kinetic data do not pass through the origin for both the
absorbents, thus on the basis of these data it is evident that, intra-particle diffusion is not the only rate controlling step [30].Table 5
Kinetic model for PAS and TGL powder.
Models PAS TGL
Pseudo- first order model
[C]0 mg/L K1 (s1) Qe(mg (g)1) R2 K1 (s1) Qe (mg (g)1) R2
100 0.034 0.781 0.948 0.050 11.721 0.764
Pseudo- 2nd order model
[C]0 mg/L K2 Qe R2 K2 Qe R2
(g (mg)1 s1) (mg (g)1) (g (mg)1 s1) (mg (g)1)
100 0.093 4.67 0.999 0.005 0.1838 0.984
Intraparticle diffusion model
[C]0 mg/L Kid C R2 Kid C R2
(mg (g)1 s1/2) (mg (g)1) (mg (g)1 s1/2) (mg (g)1)
100 0.054 4.033 0.964 0.312 0.796 0.957
[C]0: initial cyanide concentration (mg/L).
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Fig. 8. Pseudo-second order model for adsorption of cyanide removal by PAS (A) and TGL (B) powder (process conditions: pH: 7; temp: 30 °C; adsorbent
dose 20 g/L; rpm: 125).
N. Dwivedi et al. / Water Resources and Industry 15 (2016) 28–40 37The straight portion (A2) of Fig. 9(B) illustrates macropore diffusion, whereas (A3) illustrate micropore/ mesopore diffusion
[29]. It is apparent that cyanide ions adsorbed through macropore diffusion is more than that through micropore/ mesopore
diffusion. The value of intercept C, which gives an idea about the thickness of the boundary layer around the bioadsorbent
particles, is different for PAS and TGL. The higher value of C for PAS than TGL indicates the greater boundary layer effect for
PAS. It is supposed that film diffusion is also involved in the adsorption of cyanide onto Tectona grandis leaves powder
particles [31].
3.8. Equilibrium isotherms
To find out a suitable model equation for predicting equilibrium adsorption of cyanide the Freundlich, Langmuir and
Temkin isotherm models have been tested. To find out the isotherm constants the nonlinear models were linearized as
described in Table 3. The isotherm constants for the above equilibrium models are shown in Table 6 along with their
respective R2 values. Fig. 10 (A) and (B) show the Freundlich isotherm for cyanide adsorption using PAS and TGL powder,
respectively. Freundlich isotherm model can be applied to non-ideal and reversible adsorption; it is effective for hetero-
geneous surface as well as multilayer sorption. The Freundlich isotherm has been derived by supposing an exponentially
rotting sorption site energy distribution [32]. Freundlich constants 1/n and KF are associated to adsorption intensity and
adsorption capacity respectively. For PAS and TGL powder, the 1/n value is 0.496 and 0.435 respectively, which are less
than 1. Therefore, n values are also 41 for both cases, which indicates a favorable sorption [33–35]. From Table 6, the R2
values of Freundlich isotherms for PAS and TGL are 0.995 and 0.988 respectively, which reveals that Freundlich isotherm can
explain the adsorption equilibrium for both the adsorbents, however, the equilibrium data are better fitted by the Freundlich
model for PAS rather than the TGL powder. It is evident that the R2 of the Langmuir plot is higher than the Freundlich and(A)
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Fig. 9. Intraparticle diffusion model for adsorption of cyanide removal by PAS (A) and TGL (B) powder (process conditions: pH: 7; temp: 30 °C; adsorbent
dose 20 g/L; rpm: 125; initial concentration of cyanide: 100 mg/L).
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Fig. 10. Freundlich isothermmodel for adsorption of cyanide removal by PAS (A) and TGL (B) powder (process conditions: pH: 7; temp: 30 °C; contact time:
90 min (PAS) & 120 min (TGL); adsorbent dose 20 g/L; rpm: 125).
Table 6
Different parameters and their values of adsorption isotherms.
Isotherms Parameters PAS TGL
Values Values
Freundlich R2 0.995 0.988
n 2.016 2.294
1/n 0.496 0.435
Kf (l/mg) 1.510 1.375
Langmuir R2 0.946 0.990
Q0 (mg/g) 32.05 18.45
b (l/mg) 0.010 0.023
RL 0.5 0.303
Temkin R2 0.919 0.928
B (mg/g) 5.986 2.776
A 0.159 0.781
N. Dwivedi et al. / Water Resources and Industry 15 (2016) 28–4038Temkin models for TGL powder than PAS. It is recommended that the equilibrium adsorption of cyanide onto TGL powder
could be best fitted with the Langmuir isotherm. A very important characteristic of Langmuir isotherm is a dimensionless
separation factor RL, which can be defined as per Eq. (5). [36].
=
+ ( )
R
bC
1
1 5L 0
Where C0 and b are the initial cyanide concentration and Langmuir constant respectively. It is reported that adsorption is
favorable when 0o RLo1 [36]. In the present work, the RL values are found to be 0.5 and 0.3 for PAS and TGL powder
respectively, which fall in the range of 0–1. This suggests the favorable sorption of cyanide onto the studied adsorbents
under the experimental conditions. Moussavi et al. have also found a better fit of the Langmuir isotherm for experimental
data for cyanide adsorption onto pistachio hull powder (PHP) [11]. Table 6 represents further that the experimental data has
also a good correlation with the Temkin isotherm for PAS (R2¼0.919) and TGL powder (R2¼0.928). The Temkin model
considers the effects of some indirect adsorbate/ adsorbate interactions on adsorption isotherms [37,38]. Consequently the
adsorbate/ adsorbate interactions, the heat of adsorption of all the molecules in the layer would decrease linearly with
coverage [38]. The present data fit the Freundlich, Langmuir and Temkin isotherm models for PAS, in the following order
Freundlich (0.995)4Langmuir (0.946)4Temkin (0.919) whereas for TGL powder, the order is Langmuir
(0.990)4Freundlich (0.988)4Temkin (0.928).
The above order reveals that the equilibrium data are better fitted by the Freundlich model for PAS than TGL powder.
However, the Langmuir and Temkin isotherm models are most suitable for TGL powder than PAS.
The PAS and TGL powders are simply prepared from agro waste materials which are abundantly available at no cost and
can be handled easily. Due to these remarkable qualities, PAS and TGL powder seems to be potential bioadsorbents for
cyanide removal from aqueous solution.
N. Dwivedi et al. / Water Resources and Industry 15 (2016) 28–40 394. Conclusion
From the present work the following conclusions have been made:
1. The equilibrium data are better fitted by the Freundlich model for PAS whereas the Langmuir and Temkin isotherm
models are most suitable for TGL powder.
2. Biosorption of cyanide is reliant on experimental conditions like pH, contact time, biomass dosage and initial cyanide
concentration.
3. The kinetic data are well described by the pseudo-second order kinetic model for the cyanide.
4. The experimental data propose that the intraparticle diffusion step is involved in controlling cyanide adsorption onto PAS
and TGL powder.
5. The specific uptake for PAS increases from 1.26 mg/g to 25.45 mg/g with the increase in initial cyanide concentration from
25 mg/L to 800 mg/L.
6. The specific uptake for TGL powder increases from 1.21 mg/g to 17.14 mg/g with the increase in initial cyanide con-
centration from 25 mg/L to 800 mg/L.
7. The monolayer capacity of PAS and TGL powder as calculated by Langmuir isotherm is 32.05 mg/g and 18.45 mg/g
respectively.
8. The findings of this study reveals that of PAS and TGL powder may be a promising bioadsorbent for the removal of
cyanide from aqueous solution.Conflict of interest
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